Abstract-The Michigan State University cyclotron gas-stopper magnet generates a strong focusing cyclotron magnetic field that permits an ion beam of up to 100 MeV/u to enter the magnet and have most of its energy reduced by low-pressure helium gas. The magnet has two superconducting coil cryostats mounted within warm iron poles and a warm split iron return yoke. The coils are connected in series using room temperature cables. The peak magnet stored energy is 3.5 MJ. The magnet has been tested to its full operating current of 180 A. During tests, the magnet discharged inadvertently three times. Two low-current discharges caused the magnet current to decay through the power supply system. A discharge at 180 A quenched the magnet, because the quench protection system caused the magnet to discharge across a 1.25-Ω resistor. This fired the cold quench protection diodes within the cryostat, quenching both coils. The magnetic field in the gap was measured as the magnet discharged. For the two low-current discharges, the magnetic field followed the current in the external magnet circuit. During a quench, the magnetic field decay rate was much slower than the external circuit current decay rate.
I. INTRODUCTION
T HE cyclotron gas-stopper magnet is a part of a device where exotic beams of charged nucleons are created at momenta up to 100 MeV/ c per charged nucleon. The resulting beams of exotic nuclei have large emittances. The beams can be slowing down (reducing their momentum) and then the ions can be extracted the ions from the gas using a differentially pumped radio frequency (RF) ion-guide. A strong focusing cyclotron magnet provides the guide field for the ions beam [1] , [2] . The exotic ions are slowed down by interaction with low-pressure 80 K He gas [3] within an LN 2 cooled aluminum beam chamber that is between the magnet iron poles.
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M. A. Green The cyclotron magnet is mounted with the axis of the coils horizontal rather than vertical. The magnet is split into two parts that can be separated. Each part has a warm magnet pole and half the iron return yoke, a single 4.5 K coil within a stainless steel cryostat with an LN 2 cooled shield, a support system between the coil and the iron [4] , three Cryomech PT415-RM pulse-tube coolers [5] and heat exchangers that cool the magnet down and keep it cold, two copper current leads from 300 K to 45 K with an 80 K intercept [6] , and two HTS current leads [7] between 45 K and 4.6 K. The horizontal axis magnet shown in Fig. 1 permits the two coils of the magnet to be cooled-down and be kept at 4.5 K independently using two thermal-siphon cooling loops that each connect the three pulse tube coolers to each coil [8] - [10] .
The magnet in Fig. 1 has a total mass of ∼173 tons. The two coils and their cryogenic system mass is ∼6 tons. The coil ID is 2.39 m. Each Nb-Ti coil is 80 mm wide by 80 mm thick. The cooler tops are more than 5 m from the floor. The magnet shown in Fig. 1 Each coil has 1767 turns of Nb-Ti superconductor that is 2.45-mm wide by 1.21-mm thick with insulation. The coil has 57 layers with 31 turns each. The copper to S/C ratio is ∼4. 6 . The conductor has 220 filaments ∼55 µm in diameter. The copper RRR is ∼70, and the conductor twist pitch is ∼100 mm.
At an operating current of 180 A the two magnet coils carry 636.1 kA. This current is dictated by the required magnetic induction within the ∼180 mm magnet gap. Most of the magnet stored-energy is within the gap between the poles. At 180 A, the peak pole field is ∼2.6 T, and the peak induction in the windings is ∼2.0 T [10] . The iron isn't very saturated at its operating current. The magnet design current is 200 A. Table I shows the basic electrical parameters for the cyclotron gas stopper magnet at the design current I D and the operating current I O . The magnet self-inductance should be nearly constant below the operating current of 180 A, but it isn't because of a little pole saturation and the circulating currents in the magnet iron that occur during magnet charging and discharging [11] . Above 180 A, the magnet pole pieces really start to saturate causing the self-inductance to go down more. Fig. 2 shows the magnet and power supply circuits. Included are the constant voltage magnet discharge system (the varistor) and the quench protection system. Fig. 3 shows a cross-section of the 80 by 80 mm magnet coil within its thick stainless steel He vessel. A longitudinal compression cold mass support socket is shown on the right side of the cryostat and the radial cold mass support is shown at the bottom (helium vessel outer radius). On the outside of the coil is a non-inductive (bi-filar) 0.22-ohm resistor that acts like a heater that speeds up the coil becoming fully normal during a magnet quench [13] , [14] .
II. POWER SUPPLY AND QUENCH PROTECTION SYSTEM
The varistor referred to in Fig. 2 is of a box that contains ten Powerex LS410860 diodes arranged so that eight diodes are always in series in the forward voltage direction, so that the magnet can be discharged when operated in either polarity. At room temperature the forward voltage of these diodes can range from 0.75 V to 0.85 V. At 4.2 K the forward voltage is ∼10 times higher [15] . The diode arrangement shown in Fig. 4 can have a forward voltage at zero current as high as ∼7 V. On average the forward voltage is somewhat lower. At 200 A, the forward voltage for eight of these diodes in series can be ∼10 percent higher. The cold diodes in each coil cryostat have Fig. 2 . The figure above shows the charging and discharging circuit for the cyclotron gas-stopper magnet. The diodes and resistor in each coil cryostat protect the magnet coils and the LTS leads in the event of a copper lead, an HTS lead, or an LTS lead failure outside of the points where the diodes are connected to the leads coming out of S/C magnet coil [12] . The open switch shows the magnet in the quench protection mode. Fig. 3 . This cross-section shows the 80 by 80 mm magnet coil, its helium vessel, and the cold mass support connector [4] . Also shown is the quench protection bi-filar (non-inductive) resistor on the outside of the coil [13] . a forward voltage of ∼8 V at 4.2 K. Two of the cold diodes in series will have a forward voltage that is about twice the diodes in the varistor. Thus, discharging the magnet across the varistor shouldn't fire the cold magnet diodes.
During a planned magnet discharge with the switch shown in Fig. 2 closed, the magnet discharge can occur in two modes. 1) At low currents, the voltage drop across the power supply Fig. 4 . This figure shows a diode pack (varistor) for a constant voltage slow discharge of the cyclotron gas-stopper magnet. The ten Powerex LS410860 diodes are arranged so that a nearly constant voltage magnet discharge can occur when the magnet is operated at either polarity [13] .
is not high enough to cause the diodes in the varistor box to fire when the power supply is shut off. As result the magnet current decay will look more like the current decay across a resistor. 2) A higher currents, the diodes in the varistor will fire when the power supply is turned off. Thus the current in the magnet will go through three parallel circuits (the resistor in the power supply, the 1.25-ohm external resistor and the varistor. At high currents the varistor will carry most of the current. As a result, there will be almost a constant voltage discharge. At low currents there will be more current sharing. In either of the planned slow shutdown modes the current transducer in the magnet circuit measures the current flowing in the magnet coils. The magnetic field between the poles will follow the current that is flowing in the coils.
The quench protection system determines whether the power supply will be simply shut-off or whether the will be shut off and quenched by putting the 1.25-ohm resistor across the magnet circuit to cause the cold diodes in the magnet cryostats for fire. When the cold magnet diodes fire, the two coils are physically decoupled. The two coil currents are coupled inductively. In this case the current measured by the current transducer will decay very rapidly because the external circuit has a very low inductance and stored energy. During the quench, the magnetic field decay does not follow the current decay measured by the current transducer.
III. PREDICTED QUENCH BEHAVIOR FOR THE MAGNET
We modeled quenching of the cyclotron gas-stopper magnet using the QUENCH module of the vector fields OPERA-3D program [16] . The model was done without iron with a coil current of 200 A [14] . The coil current density and stored energy were the same as the case with iron. Modeling without iron takes less time and it results in higher values of the hot spot temperature and peak voltages, because the average magnetic induction in the magnet coil is lower. This results in lower quench velocities along the wire and in the transverse directions. The authors felt that this is conservative [14] . Fig. 5 shows the magnet current decay and the hot-spot temperature versus time from the quench start. Case 1 had no diodes and resistors across the two coils, but the two coils are coupled inductively. In this case, the magnet energy goes into the quenched coil. This case yields the highest hot-spot temperature (∼103 K). The estimated worst-case voltage to ground (based on L di/dt) is ∼1350 V at ∼16 s after the start.
Case 2 had back-to-back diodes and a 0.88-ohm resistor across each coil. I 2 R heating from the resistors goes into the outer surface of the coils causing both coils to go fully normal in ∼5 s. Since the coils are well coupled, both coils go normal. The hot-spot temperature is ∼88 K, and the calculated worst-case voltage to ground is ∼920 V ∼16 s after the start. The worstcase voltages to ground didn't come from the OPERA quench program. If the OPERA quench program could calculate the quench on a turn-by-turn basis, the peak voltages to ground and layer-to-layer would be much lower [17] .
There is no quench back [18] , [19] to the coil from the coil cryostat because the cryostat is made of 304-stainless steel. The cyclotron gas-stopper magnet coils are strongly coupled inductively even though the coils are disconnected from the power supply. As a result, the results shown in Fig. 5 are likely to be close to how the magnet quenches at 200 A.
IV. MAGNET CHARGING, DISCHARGING, AND QUENCHING
During the 2015 tests of the cyclotron gas-stopper magnet, the magnet was charged and discharged using the power supply. There were three discharges that were triggered by the quench protection system. The quench protection system measures the voltage difference across the two magnet coils. If one coil quenches, a resistive voltage will be developed across that coil but there isn't a similar voltage across the other coil. Two voltage difference thresholds were established. If the lower voltage threshold is exceeded, the power supply is shut off and the coil current decays through the power supply circuit. If the higher voltage threshold is exceeded, the switch shown in Fig. 2 opens and causes the coil to discharge across the 1.25-ohm resistor. At currents >14 A, the cold diodes across the magnet coils will fire causing each coil to discharge across its quench protection resistors and diodes. This effectively disconnects the two coils from the rest of the magnet circuit and quenches the magnet.
There are other things besides a magnet quench that can produce voltages that can trigger either a coil discharge or a coil quench. Each magnet coil is separately supported to the iron [4] . As a result, one coil can move within its supports while the other coil doesn't move. If the coils move together the differential voltage spike isn't as large. A cause of the voltage spikes that have been seen could be a stick-slip coil motion as the coils are pressed into the longitudinal supports.
The first two magnet discharges that were triggered by voltage spikes over the lower voltage limit. The coil current was <30 A. As a result, the magnet was discharged across the power supply and the resistances in parallel with it. There was clearly no magnet quench; the discharge times were long.
In 2015, the magnet was charged to 150 A. It was kept at that current for 2 hours. The magnet was discharged using the power supply. The varistor box was not involved in the magnet discharge. Fig. 6 shows the measured magnet current and the measured voltage across the magnet coils during a magnet charge and discharge to a current of 150 A. Figs. 7 and 8 show the measured circuit current and the magnetic field in the magnet gap at the magnet center, during a quench.
The magnet was charged to 150 A at a power supply voltage of 4 V, and it was discharged at a power supply voltage of 4.5 V. The diode pack (see Fig. 3 ) was never used to discharge the magnet. During the magnet charge to 150 A in Fig. 6 . The voltage drop across the coils went down because of the cable voltage drop. During a discharge from 150 A the added voltage across the coils is caused by cable voltage drop. Thus, the discharge time is less than the charge time when the charge and discharge power supply voltages are the same.
The magnet was charged to 180 A, and it was held for over an hour. A disturbance caused a voltage spike that was over the upper limit. Figs. 7 and 8 show what happens when the switch (shown open in Fig. 2 ) is opened to protect the magnet during a magnet quench. The coils were disconnected from the power supply causing the diodes inside of the cryostats to fire at a voltage of ∼8 V volts. When the magnet diodes fire, the inductance of the warm circuit is <0.2 H, so the current rapidly decays across to 1.25-ohm resistor. The currents in the two coils, which are closely coupled, don't decay rapidly. The magnet was quenched by quench-back by the I 2 R heating in the 0.22-ohm resistors wound on the outsides of the coils.
Once the current flows in the resistor, it takes ∼10 s for the whole magnet to become normal. The magnetic field in the gap at the magnet center is linear with current up to ∼135 A. Above ∼135 A, the pole ridges start to saturate [10] . This changes the B versus I slope. The time for the field to decay to a few percent of the starting value is ∼ 1.5 times longer than for the 200 A case shown in Fig. 5 . First, the current decay time is roughly inversely proportional to the magnet starting current squared. Second, the time needed for the coil to go fully normal is longer. The system shown in Fig. 5 had a 0.88-ohm resistor across the coil. The magnet as built has a 0.22-ohm resistors. Finally, there are long time constant circulating currents in the iron [11] . Thus the field decay is longer than the current decay. The combination of these things could account for the longer field decay time at 180 A.
V. CONCLUSION
The magnet was charged and discharged at 150 A using the power supply. The diode discharge system shown in Fig. 4 was not used. The magnet was charged to 180 A and was held at 180 A an hour. The quench detection system detected large voltage spike that fired the quench protection system. The magnet discharge across the 1.25-ohm resistor caused the magnet to quench. We don't know what the source of the voltage spikes that caused magnet quench. It could be stick-slip coil motion. When the magnet quenched, the coils were disconnected from the power supply. The circuit current went to zero rapidly. The field at the magnet center decayed to a few percent of the starting value in ∼90 seconds, which implies that there was current flowing in both of the magnet coils and in the iron.
